Abstract. Dexmedetomidine (DEX), an α2 adrenoceptor agonist, is a commonly used anesthetic drug in surgical procedures. Previous studies have indicated that DEX exerts neuroprotective effects. However, the molecular mechanism underlying this process remains to be elucidated. The present study investigated a potential implication of microRNA (miR)-223-3p in the DEX-induced anti-oxidative effect on neuronal cells. The results indicated that following hydrogen peroxide (H 2 O 2 )-mediated induction of oxidative stress, the viability of human hippocampal neuronal cells was markedly decreased, as determined by an MTT assay. In addition, treatment with H 2 O 2 induced cell apoptosis, the release of lactate dehydrogenase, accumulation of intracellular calcium, phosphorylation of calmodulin-2, and production of malondialdehyde and reactive oxygen species. Furthermore, treatment with H 2 O 2 inhibited the expression of mir-223-3p and enhanced the expression of its target cytotoxic granule associated RNA binding protein like 1 (TIAL1), and these effects were reversed by treatment with DEX. Mechanistic studies demonstrated that the 3'-untranslated region of TIAL1 is a direct target of mir-223-3p. The results of the present study demonstrated that DEX may induce its neuroprotective effects by regulating the interaction between miR-223-3p and TIAL1. Therefore, the manipulation of miR-223-3p/TIAL1 interaction may be involved in the neuroprotective effects of DEX.
Introduction
Dexmedetomidine (DEX) is an anesthetic agent, which, due to its ability to produce a rapid and controlled sedative response and few side effects, is used in medical procedures for long-lasting sedation of patients (1) (2) (3) . Previous studies indicated that DEX can prevent brain ischemia, lung ischemia-reperfusion injury, acute kidney injury, intestinal ischemia-reperfusion injury and myocardial ischemia, alleviate intracellular accumulation of reactive oxygen species (ROS) and prevent apoptotic cell death in vivo (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) . A recent study demonstrated that DEX exerts its neuroprotective effects on apoptotic, calcium and oxidative stress signaling pathways through regulation of the transient receptor potential cation channel, subfamily M, member 2 and transient receptor potential cation channel subfamily V member 1 in rats (13) . Neuroprotection of DEX has also been associated with the inhibition of the pro-inflammatory nuclear factor-κB and interleukin-1β signaling pathways (1, 14) . Similarly, another in vivo study demonstrated that DEX protects from cerebral ischemia/reperfusion injury in rats via regulation of the phosphatidylinositol 4,5-bisphosphate 3-kinase/RAC-alpha serine/threonine-protein kinase and extracellular signal-regulated kinase (ERK)1/2 signaling pathways (15) . However, the molecular mechanisms underlying neuroprotective properties of DEX remain to be elucidated.
MicroRNAs (miRs), small non-coding gene regulatory RNAs, serve neuroprotective roles by regulating physiological or pathological cellular processes involving cell invasion and migration, and responses to stress and apoptosis (16) (17) (18) (19) (20) (21) . Previous studies indicated that miR-223 prevents alcohol-induced liver injury in neutrophils by inhibiting the interleukin-6-p47phox-ROS signaling pathway (22) . It has also been demonstrated that CXCR2/miR-223-3p/miR-27b pathway protects from ischemic cerebral injury (23) . However, whether miR-223-3p serves a role in the oxidative stress-associated brain injury remains to be elucidated. In addition, to the best of the authors knowledge, the association between miR-223-3p and the neuroprotective effect of DEX has not yet been reported.
TIA1 cytotoxic granule associated RNA binding protein like 1 (TIAL1) is a gene encoding a member of an RNA-binding protein family that regulates a set of cellular activities, including splicing and regulation of translation and apoptosis. The role of TIAL1 in cytotoxicity remains to be elucidated, but due to its apoptotic and RNA-binding properties, the authors of the present study hypothesized that modulation of TIAL1 can mediate the neuroprotective effects of DEX on hippocampal cells in an miR-dependent manner.
Therefore, the present study aimed to investigate the effect of oxidative stress on the expression of miR-223-3p in hippocampal neurons and determine whether the neuroprotective activity of DEX is mediated by the regulation of miR-223-3p. The results demonstrated that miR-223-3p was significantly downregulated as a response to oxidative injury. Furthermore, expression of miR-223-3p was significantly upregulated following treatment with DEX and overexpression of miR-223-3p using miR-223-3p mimics resulted in neuroprotection. Therefore, the results of the present study indicated that DEX-mediated upregulation of miR-223-3p is involved in the neuroprotective effect of DEX. Cell viability. MTT assay was used to evaluate the viability of HN-h cells. Following a 48-h incubation, 20 µl MTT reagent (5 mg/ml) was added to the culture and further incubated for 4 h. Supernatants were discarded and replaced with 150 µl DMSO/well to solubilize the formazan crystals in viable cells. The absorbance was measured at a wavelength of 570 nm using a spectrophotometer.
Materials and methods

Cell
Apoptosis assay. Cell apoptosis was determined using an Annexin V/propidium iodide (PI) assay. Cells were collected by centrifugation for 5 min at 200 x g and 4˚C , rinsed twice using 1X PBS and resuspended in 1X binding buffer (BD Biosciences, Franklin Lakes, NJ, USA) at a concentration of 1x10 6 cells/ml. Cells were incubated with a fluorescein isothiocyanate labeled anti-Annexin V antibody (5 µl; eBioscience; Thermo Fisher Scientific, Inc., Waltham, MA, USA) for 15 min at room temperature. Following washing with Annexin V binding buffer, cells were resuspended in 200 µl binding buffer. PI staining solution (5 µl; eBioscience; Thermo Fisher Scientific, Inc.) was then added for 5 min and cells were analyzed using a BD Accuri C6 flow cytometer (BD Biosciences) within 1 h.
Lipid peroxidation assay. To evaluate the malondialdehyde (MDA) content, a Lipid Peroxidation (MDA) Assay kit (cat. no. ab118970; Abcam, Cambridge, UK) was used according to the manufacturer's protocol. A total of 1x10 6 cells were homogenized on ice in 300 µl MDA Lysis Buffer with 3 µl 100X butylated hydroxytoluene and centrifuged at 13,000 x g and 4˚C for 10 min to remove insoluble material.
Subsequently, 200 µl supernatant from each homogenized sample was transferred to a microcentrifuge tube and 600 µl TBA solution was added/sample. Following incubation at 95˚C for 60 min and cooling to room temperature using an ice bath for 10 min, the 200 µl reaction mixture was transferred into a 96-well microplate for colorimetric analysis. The absorbance was measured at a wavelength of 532 nm and MDA levels were calculated using standard curve analysis according to the manufacturer's protocol.
Determination of lactate dehydrogenase (LDH) levels.
The Colorimetric Lactate Dehydrogenase (LDH) Activity Assay kit (cat. no. ab102526; Abcam) was used to determine LDH activity, according to the manufacturer's protocol. Cell culture medium was centrifuged at 13,000 x g and 4˚C for 10 min to collect the supernatant for determination of cell-free LDH activity. A total of 1x10 6 cells were harvested by centrifugation at 13,000 x g and 4˚C for 10 min, washed with PBS, homogenized with three volumes of cold assay buffer and centrifuged at 4˚C at 10,000 x g for 15 min to eliminate insoluble material. The absorbance was measured at a wavelength of 450 nm. LDH activity was estimated using a standard curve with NADH as a reference and LDH leakage was expressed as a ratio of cell-free LDH activity/total LDH activity.
Detection of ROS levels. Following seeding, control, H 2 O 2 and DEX-treated cells were rinsed three times using PBS, trypsinized and centrifuged at 13,000 x g and 4˚C for 10 min. Subsequently, cells were harvested and incubated with diluted Dihydroethidium (Reactive Oxygen Detection kit; cat. no. S0033; Beyotime Institute of Biotechnology, Haimen, China) according to the manufacturer's protocol. Finally, the levels of ROS were evaluated by flow cytometry analysis using the BD Accuri™ C6 flow cytometer (BD Biosciences) for measurement of fluorescence levels in the FL2 channel.
Measurement of intracellular Ca
2+
. For the measurement of intercellular Ca 2+ , cells were incubated with Fluo 3-AM reagent (GeneCopoeia, Inc., Rockville, MD, USA) according to the manufacturer's protocol. Subsequently, Ca 2+ -dependent fluorescence intensity was measured by flow cytometry using the BD Accuri™ C6 Flow Cytometer (BD Biosciences, Franklin Lakes, NJ, USA) and 10,000 cells/sample were acquired and analyzed.
Transfection. HN-h cells (5x10 4 cells/cm
2 ) were transfected with 2 nM mir-223-3p mimic (MISSION microRNA Mimic; 5'-UGU CAG UUU GUC AAA UAC CCC A-3'), miR-223-3p inhibitor (MISSION Synthetic microRNA Inhibitor; 5'-UGG GGU AUU UGA CAA ACU GAC A-3') or their scrambled controls (all Sigma-Aldrich; Merck KGaA, Darmstadt, Germany). The expression vector pPM-C-HA-TIAL1 (Applied Biological Materials, Inc., Richmond, BC, Canada) was used for expression of TIAL1 and an empty pPM-C-HA vector served as a control. Transfection of these vectors was performed using DNAfectin Plus reagent (Applied Biological Materials, Inc.) according to the manufacturer's protocol. Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) was used to evaluate the transfection efficiency 48 h after transfection prior to subsequent experiments.
Bioinformatics. The online tool TargetScan (www. targetscan.org/vert_71/) was used to predict TIAL1 mRNA 3'-untranslated region (UTR) as a target for Homo sapiens (has)-miR-223-3p.
Luciferase assay. Cells were transfected with human TIAL1-3'UTR-luciferase reporter plasmid (Promega Corporation, Madison, WI, USA) using Lipofectamine ® 2000 transfection reagent (Thermo Fisher Scientific, Inc.) and cultured for 48 h. Luciferase assays were performed using a Dual-Luciferase Reporter Assay system (Promega Corporation, Madison, WI, USA) according to the manufacturer's protocol. Renilla luciferase was used for normalization (Promega Corporation). Each experiment was repeated three times in duplicate.
RT-qPCR analysis. Total RNA was extracted from cultured cells using the miRVana miRNA Isolation kit (Thermo Fisher Scientific, Inc.). Isolated RNA was reverse-transcribed into cDNA using the TaqMan MicroRNA Reverse Transcription kit (Thermo Fisher Scientific, Inc.). Subsequently, qPCR experiments were performed using hsa-miR-223-3p-specific primers (Sigma-Aldrich; Merck KGaA) and the CFX96 Touch™ Real-Time PCR Detection system (Bio-Rad Laboratories, Inc., Hercules, CA, USA) according to the manufacturer's protocol. The following thermocycling conditions were used for the PCR: 30 sec at 95˚C; 45 cycles of 95˚C for 5 sec and 58˚C for 34 sec. The forward (F) and reverse (R) primers used for amplification were as follows: F, 5'-AAT TCA GAA GAG GCA TAC CTT AGA-3' and R, 5'-TTC AGG CTT GGG TTG TGT GT-3' for TIAL1; F, 5'-GCA ACT AGG ATG GTG TGG CT-3' and R, 5'-TCC CAT TCC CCA GCT CTC ATA-3' for GAPDH; F, 5'-CCA CGC TCC GTG TAT TTG AC-3' and R, 5'-cCG CAC TTG GGG TAT TTG AC-3' for hsa-miR-223-3p; and F, 5'-CTC GCT TCG GCA GCA CA-3' and R, 5'-AAC GCT TCA CGA ATT TGC GT-3' for U6. Relative expression of a hsa-miR-223-3p was evaluated using the 2 -∆∆Cq method (24) with U6 small nuclear RNA used for normalization for hsa-miR-223-3p and GAPDH used for normalization of TIAL1.
Western blotting. Total protein was extracted from cultured HN-h cells using the radioimmunoprecipitation assay buffer (Sigma-Aldrich; Merck KGaA). Protein concentration was determined using a Bicinchoninic Acid kit. A total of 50 µg protein was loaded per lane and purified by 10% SDS-PAGE, transferred to a polyvinylidene fluoride membrane and blocked with 5% skimmed milk in 0.1 M PBS for 2 h at room temperature. The membranes were incubated overnight in the dark at 4˚C with the following primary antibodies at 1:1,000 dilution: Anti-TIAL1 (cat. no. ab129499), anti-Ca2 + /calmodulin-dependent protein kinase II (CaMKII; cat. no. ab22609), anti-CaMKII (phospho T286; cat. no. ab171095) and anti-GAPDH (cat. no. ab37168; all Abcam). The membranes were subsequently washed with PBS and incubated with horseradish peroxidase conjugated rabbit-anti-goat secondary antibodies (1:40,000; cat. no. PI-1000; Vector Laboratories, Inc., Burlingame, CA, USA) for 120 min at room temperature. Finally, the membranes were washed three times in PBS and incubated with an enhanced chemiluminescence kit (Roche Diagnostics, Basel, Switzerland) for 5 min for visualization. Densitometry quantification was performed using Image J software (version 1.51 k; National Institutes of Health, Bethesda, MD, USA) and relative protein expression levels were calculated using GAPDH as a control.
Statistical analysis. Statistical analyses were performed using one-way or two-way analysis of variance followed by the Bonferroni post-hoc test in GraphPad prism software (version 6.01; GraphPad Software, Inc., La Jolla, CA, USA). Data were presented as the mean ± standard deviation. P<0.05 was considered to indicate a statistically significant difference.
Results
DEX protects HN-h cells against H 2 O 2 -induced cytotoxicity.
To investigate the neuroprotective effect of DEX on HN-h cells, cells were treated with different concentrations of H 2 O 2 in the presence or absence of serial concentrations of DEX. MTT assay (Fig. 1A) Fig. 1C and 1D ). Similarly, treatment with H 2 O 2 increased ROS levels which decreased following treatment with DEX, in a dose-dependent manner (Fig. 1E) . Level of intracellular calcium in HN-h cells was significantly increased in response to treatment with H 2 O 2 while DEX inhibited and significantly attenuated H 2 O 2 -induced Ca 2+ increase, in a dose dependent manner (Fig. 1F) . Western blot analysis indicated that phosphorylation of CAMII was inhibited following treatment with DEX ( Fig. 1G and H) . The aforementioned results indicated that DEX protects HN-h cells from H 2 O 2 induced neurotoxicity.
DEX prevents H 2 O 2 -mediated downregulation of miR-223-3p expression in HN-h cells.
In order to elucidate the involvement of miR-223-3p in the neuroprotective effect of DEX, the expression of miR-223-3p was measured in cells treated with different concentrations of DEX and H 2 O 2 . The results indicated that H 2 O 2 and DEX inhibited and enhanced the expression of miR-223-3p, respectively, in a dose-dependent manner (Fig. 2) . These observations suggested that miR-223-3p may be involved in the neuroprotective effect of DEX. it was observed that transfection with the miR-223-3p mimic effectively led to the overexpression of mir-223-3p whereas the transfection with mir-223-3p inhibitor led to significantly downregulated expression of mir-223-3p (Fig. 2B) . The results of MTT and flow cytometry assays demonstrated that miR-223-3p inhibitor promoted H 2 O 2 -induced HN-H cell death and apoptosis (Fig. 3A and B) . By contrast, HN-H cell death and apoptosis were markedly inhibited following transfection with miR-223-3p mimics (Fig. 3A and B) . No significant differences were identified between the negative controls. Similarly, the results indicated that miR-223-3p mimics significantly inhibited the LDH leakage, MDA release, ROS production, Ca 2+ levels and CAMII phosphorylation (Fig. 3C-H, respectively) . The aforementioned results suggested that activation of miR-223-3p led to neuroprotective effects.
Upregulation of miR-223-3p expression is a mechanism involved in the neuroprotective effect of DEX against H
TIAL1 is a direct target gene for mir-223-3p in HN-H cells.
Bioinformatics analysis indicated TIAL1 as a potential target gene for miR-223-3p (Fig. 4A) . Due to its involvement in cytotoxicity, the authors of the present study selected TIAL1 for further investigation. The protein expression level of TIAL1 was determined in HN-H cells following treatment with different concentrations of H 2 O 2 and DEX by western blot analysis. Expression of TIAL1 was significantly enhanced by H 2 O 2 and inhibited by treatment with DEX in a dose-dependent manner (Fig. 4B) . To determine whether TIAL1 is a target gene of miR-223-3p in HN-H cells, the effect of mir-223-3p mimic or inhibitor was investigated. miR-223-3p mimics significantly inhibited the expression of TIAL1 while miR-223-3p inhibitor increased expression levels of TIAL1 in cultured HN-h cells (Fig. 4C) . The aforementioned results suggested that TIAL1 was positively regulated by miR-223-3p. To confirm the direct binding of miR-223-3p to TIAL1, a luciferase reporter assay was performed. miR-223-3p mimic significantly decreased luciferase activity, while treatment with miR-223-3p inhibitor led to increased luciferase activity in cells transfected with a wild type TIAL1 3'-UTR vector. No significant differences were recorded between cells cotransfected with TIAL1 3'-UTR MUT vector and miR-223-3p mimic, inhibitor or control miRs (Fig. 4D) . The aforementioned results indicated that TIAL1 mRNA 3'-UTR is a direct target of miR-223-3p.
Overexpression of TIAL1 abrogated the neuroprotective effect of DEX. To investigate whether DEX-induced TIAL1 inhibition mediates the neuroprotective effect, TIAL1 was overexpressed in HN-h cells and cell viability was measured following treatment with H 2 O 2 and DEX. The transfection of TIAL1 vector allowed the effective overexpression of TIAL1 compared with control vector (Fig. 4E) . The results indicated that overexpression of TIAL1 significantly decreased the effect of DEX on H 2 O 2 -induced cell death (Fig. 4F) . The results of the present study indicated that DEX exerts neuroprotective effects via upregulation of miR-223-3p and subsequent downregulation of TIAL1.
Discussion
Anesthetics are vital for protection of the central nervous system during surgery. Administration of neuroprotective anesthetic drugs is a relevant approach for improving overall neurological outcomes of surgical procedures. Therefore, understanding of the protective properties of various anesthetic agents and elucidating the underlying molecular mechanisms is crucial for adequate selection of appropriate anesthetic treatments.
In the present study, DEX protected HN-h cells against H 2 O 2 -induced neurotoxicity by inhibiting cell apoptosis, decreasing LDH activity, MDA content, ROS production and calcium levels as indicated by the decrease in intracellular production of Ca 2+ and phosphorylation of CAMII. The results of the present study are consistent with previous studies that demonstrated the neuroprotective effects of DEX. A previous study demonstrated that DEX exhibits neuroprotective effects on ischemia reperfusion by inhibiting apoptosis (25) . In vitro data indicated that DEX prevents cultured hippocampal neurons from propofol-induced neurotoxicity by modulating the cyclic AMP-responsive element-binding protein, apoptosis regulator B cell lymphoma-2 and brain-derived neurotrophic factor (BDNF) signaling pathways (26) . DEX has been reported to protect from focal cerebral ischemia reperfusion damage by inhibiting the nuclear factor-kB signaling pathway and to protect against traumatic brain injury (1, 27) . Previous reports have demonstrated that DEX induces neuroprotective effects by promoting BDNF expression in astrocytes via regulation of the ERK signaling pathway (28) . However, the molecular mechanism underlying the neuroprotective effect of DEX remains to be elucidated. miRs in the nervous system are associated with neuronal survival and control of the accumulation of toxic proteins associated with neurodegeneration (29) (30) (31) (32) (33) (34) . miR-223 is a regulatory factor involved in differentiation of immature neurons (35) . Furthermore, a previous study has demonstrated that miR-223 exerts neuroprotective effects through glutamate receptors GluR2 and NR2B (36) . However, whether the neuroprotective effect of DEX is mediated by regulation of miR-223-3p remains to be elucidated. In the present study, treatment with H 2 O 2 induced miR-223-3p downregulation in hippocampal neurons in a dose-dependent manner. Treatment of H 2 O 2 -pretreated HN-h cells with DEX markedly increased miR-223-3p expression in a dose-dependent manner. The results of the present study indicated that upregulation of miR-223-3p expression represents a mechanism involved in the neuroprotective effect of DEX against H 2 O 2 induced-neurotoxicity. The present study also demonstrated that overexpression of miR-223-3p resulted in inhibition of H 2 O 2 -induced apoptosis of HN-h cells. The luciferase reporter assay demonstrated that TIAL1 gene is a direct target of miR-223-3p in HN-h cells. Overexpression of TIAL1 abrogated the neuroprotective effect of DEX on H 2 O 2 -induced neurotoxicity. To the best of the authors knowledge, the present study is the first to demonstrate that DEX exerts neuroprotective effects by downregulating TIAL1 via activation of miR-223-3p in hippocampal neuronal cells in vitro.
Apoptosis, an autonomous, genetically controlled cell death, contributes to selective elimination of cells in physiological and pathological conditions. In the present study, DEX and miR-223-3p demonstrated a protective effect against H 2 O 2 -induced apoptosis in HN-H cells. The results of the present study suggested that apoptosis was involved in the neuroprotective mechanism of DEX and that the effect of DEX may have been mediated by the miR-223-3p/TIAL1 interaction.
Calcium is an important signal transducer in nerve cells. The present study aimed to determine whether intracellular calcium homeostasis could be influenced by treatment with DEX and associated upregulation of miR-223-3p. H 2 O 2 -induced increase in Ca 2+ levels was significantly decreased by treatment with DEX and overexpression of miR-223-3p. The aforementioned results indicated that DEX may disrupt intracellular calcium levels by increasing Ca 2+ levels in hippocampal cells and that calcium signaling may serve an important role in apoptosis.
In conclusion, the present study demonstrated that DEX exerts neuroprotective effects on hippocampal neuronal cells in vitro by downregulating TIAL1 via activation of miR-223-3p. It was also demonstrated that, in the present study, apoptosis and ROS and calcium overload were regulated by treatment with DEX. The results of the present study contribute to the understanding of the molecular mechanism underlying DEX-mediated neuroprotection. Manipulation of miR-223-3p/TAL1 interaction can in the future influence application of DEX in anesthesia.
